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1. Introduction {#sec001}
===============

Per- and polyfluoroalkyl substances (PFASs) are a large group of partially or completely fluorinated organic compounds that vary in structure and chemical properties and are generally persistent to thermal, chemical, and biological degradation \[[@pone.0234476.ref001], [@pone.0234476.ref002]\]. Concerns have been raised because of their ubiquitous distribution in the environment, high persistency, bioaccumulation potential, and adverse effects on humans and biota \[[@pone.0234476.ref003]--[@pone.0234476.ref008]\]. A common point source is the unregulated usage of PFAS-containing aqueous film-forming foams (AFFFs) at firefighter training facilities \[[@pone.0234476.ref009]--[@pone.0234476.ref011]\]. Although the use of PFAS-containing AFFFs is now restricted, the PFASs still present in contaminated soil are unsolicitedly leaching to the environment \[[@pone.0234476.ref012]--[@pone.0234476.ref014]\] and potentially polluting drinking water sources, e.g., in Japan \[[@pone.0234476.ref015]\], Germany \[[@pone.0234476.ref016]\], and Sweden \[[@pone.0234476.ref017]\]. Thus, there is an urgent need to remediate PFAS-contaminated hotspot areas and although a few soil guideline values have been set for PFASs, for example in Australia and New Zealand (i.e. 0.009, 2 and 20 mg kg^-1^, depending on soil usage \[[@pone.0234476.ref018]\]). However, several countries have set drinking water guideline values for PFASs, for example in USA (i.e. 70 ng L^-1^ for PFOS and PFOA) and Sweden 90 ng L^-1^ for Σ~11~PFASs), which are forcing problem owners to remediate their PFAS-contaminated soil \[[@pone.0234476.ref019]\].

The extreme challenges of PFAS-contaminated soil remediation has been acknowledged \[[@pone.0234476.ref020], [@pone.0234476.ref021]\] and multiple technologies have been reviewed. Suggested remediation methods for PFAS-contaminated soil are stabilization technologies \[[@pone.0234476.ref022]--[@pone.0234476.ref026]\], electrodialytical remediation \[[@pone.0234476.ref027]\] and phytoremediation \[[@pone.0234476.ref028]\]. However, soil stabilization methods do not provide a long-term solution and phytoremediation is a slow and long-term approach \[[@pone.0234476.ref020]\]. In a recent review article, Mahinroosta and Senevirathna \[[@pone.0234476.ref021]\] showed that there is a lack of laboratory-scale and field-scale studies of soil remediation for PFASs.

A conventional treatment method for soil is incineration, a costly but efficient*ex situ* treatment regarding high removal in which PFASs are destroyed by combusting the contaminated soil \[[@pone.0234476.ref029]\]. Fluorotelomer-based acrylic polymer waste and PFAS-contaminated sewage sludge have been reported to degrade PFASs successfully at 725°C \[[@pone.0234476.ref030]--[@pone.0234476.ref033]\], although others have found that complete degradation of PFASs requires temperatures of 900--1100°C \[[@pone.0234476.ref033]--[@pone.0234476.ref035]\]. Another viable thermal treatment method for contaminated solids is thermal desorption \[[@pone.0234476.ref036]\], where the solid is heated *ex situ* or *in situ* \[[@pone.0234476.ref029]\] and the vaporized contaminants partition to the air phase, from which they can be removed by air filters \[[@pone.0234476.ref037]\]. The technique is considered to be less energy-demanding than incineration, can achieve high removal \[[@pone.0234476.ref029]\], and is generally applicable for organic contaminants \[[@pone.0234476.ref038]\]. Thermal desorption has previously been shown to successfully remove persistent soil organic pollutants such as polyaromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) at 500°C \[[@pone.0234476.ref039]\], and PFAS thermal desorption from the soil phase has been observed at 350°C after 10 days\[[@pone.0234476.ref040]\].

The aim of this study was therefore to further evaluate, whether thermal desorption is a viable remediation method for removal of PFASs in contaminated soil and to identify critical variables such as optimal temperature, soil texture, treatment times and fortified vs. natural aged contaminated soil. Specific objectives were to: i) evaluate whether thermal desorption can be used to remove PFASs from contaminated soil, ii) determine the removal for 9 commonly found and regulated PFASs,and iii) identify the temperatures required for thermal desorption of PFASs from different types of soils with different PFAS contamination levels.

2. Material and methods {#sec002}
=======================

2.1 Target compounds {#sec003}
--------------------

The target PFASs comprised: six perfluoroalkyl carboxylates (PFCAs), namely perfluorobutanoate (PFBA), perfluorohexanoate (PFHxA), perfluorooctanoate (PFOA), perfluorononanoate (PFNA), perfluorodecanoate (PFDA), and perfluoroundecanoate (PFUnDA); two perfluoroalkyl sulfonates (PFSAs), namely perfluorohexane sulfonates (PFHxS) and perfluorooctane sulfonates (PFOS); and one perfluorooctanesulfonamide (FOSA) (purity \>99%, Wellington Laboratories, Guelph, ON). A total of nine isotopically labeled internal standards (IS) were used: ^13^C~4~-PFBA, ^13^C~2~-PFHxA, ^13^C~4~-PFOA, ^13^C~5~-PFNA, ^13^C~2~-PFDA, ^13^C~2~-PFUnDA, ^18^O~2~-PFHxS, ^13^C~4~-PFOS, and ^13^C~8~-FOSA (purity \>99%, Wellington Laboratories, Guelph, ON).

2.2 Experimental design {#sec004}
-----------------------

The thermal desorption technique was assessed on bench-scale using two Swedish soils, a loamy sand soil from Högåsa and a clay soil from Vreta Kloster, both sampled at 0.35--0.45 m depth (for soil characterization, see \[[@pone.0234476.ref041]\] and laboratory-fortified with PFASs. In addition, a silty clay soil at a fire-fighter training facility known to be contaminated with PFAS-containing AFFFs, located at Stockholm Arlanda Airport, Sweden \[[@pone.0234476.ref028]\], was sampled at 0.10--0.30 m depth. The PFAS-fortified soils were separately fortified with a mixture of 11 PFASs, which resulted in a concentration of 600 *μ*g kg^-1^ for individual PFASs, and then aged for two months before the start of the experiment. The aging was performed by shaking (end-over-end, 100 rpm) a slurry of 0.5 kg fortified soil and 1 L of Millipore water for two weeks, freeze-drying the slurry for one week, and then shaking (end-over-end, 100 rpm) the dry soil for two weeks and storing it at 25°C until use in the experiment.

The soils were separately freeze-dried (7 days) and homogenized with a mortar, and 4 g per sample were placed in amber glass bottles (40 mL, diameter 95 mm x height 27.5 mm; GENETEC, Sweden). Each soil was treated in experimental triplicates at 150°C, 250°C, 350°C, 450°C, or 550°C (*n* = 3 in each case) for 15, 45 and 75 min, respectively, using a high-temperature furnace (ThermoLyne^TM^ 62700 Furnace, 19 cm x 22 cm x 33 cm). Previous studies have used treatment times ranging between 20 and 60 min for PCBs and PAHs \[[@pone.0234476.ref042]--[@pone.0234476.ref044]\]. Negative controls (soil samples treated, but not fortified with PFASs) (*n* = 3) and positive controls (soil samples fortified with PFASs, but not treated) were included as reference and quality controls for each contaminated soil (*n* = 9). All samples were stored air-tight at 4°C before further analysis.

2.3 Sample preparation, analysis, and quality control {#sec005}
-----------------------------------------------------

The soil samples were analyzed for PFASs according to a validated method, as described elsewhere \[[@pone.0234476.ref045]\]. In brief, liquid-solid extraction was used with 3.0 ± 0.2 g of freeze-dried (7 days) solid sample and 30 mL of methanol fortified with 100 *μ*L of an IS mixture (c = 0.010 *μ*g mL^-1^). The eluent was concentrated by a nitrogen gas stream to 500 *μ*L and the aliquot was fortified with 500 *μL* Millipore water (Millipore, Germany) and transferred to an Eppendorf tube (Eppendorf, Germany) for clean-up using 25 mg ENVICarb 120/400 (Supelco, USA) and glacial acetic acid (Merck, Germany). The tubes were then vortexed and centrifuged at 15000 rpm for 15 min. All samples were filtered with recycled cellulose syringe filters (Sartorius, 0.45 *μ*m) into 1.5 mL auto-injector brown glass vials (Eppendorf, Germany).

Ultra-high performance liquid chromatography-tandem mass spectroscopy (UHPLC-MS/MS) (Quantiva TSQ; Thermo Fisher, MA, USA) was used for the chemical analysis. The injection volume was 10 *μ*L separated on a BEH-C18 column (1.7 *μ*m, 50 mm, Waters), with a run time of 12 min using methanol and Millipore water with 5 mM ammonium acetate (purity \>99.99%, Sigma-Aldrich) as eluents. An eight-point calibration curve ranging between 0.01 and 100 ng mL^-1^ with a linear fit (*R*^*2*^) \>0.99 was used for quantification. The data were evaluated using TraceFinder^TM^ software (Thermo Fisher, MA, USA). Since no PFASs were present in the laboratory blanks (*n* = 3), the limit of detection (LOD) was set to the lowest quantifiable calibration point with a signal to noise ratio \>3. No PFASs were detected in laboratory blanks above LOD, and therefore, method detection limits (MDL) were set to LOD. The MDLs ranged between 0.003 (PFHxA and PFNA) and 0.2 (PFOS) *μ*g kg^-1^ dry weight (dw). The internal standard dilution method was used to compensate for losses or matrix effects. The relative recoveries were calculated as the measured concentration in fortified clay and sand reference samples compared with the theoretical fortification concentration (600 *μ*g kg dw). The values obtained ranged between 48% (PFUnDA) and 130% (FOSA) (average 78%). The average relative standard deviation (all samples were performed in experimental triplicates (*n* = 3)) for the individual PFASs was 15 ± 8% and 11 ± 4.5% in the fieldfield contaminated soil and fortified soils, respectively. As a positive control, a non-fortified sandy soil was treated together with the contaminated samples at all temperatures (*n* = 3). It was found that only PFBA displayed a concentration \>0.1% of the concentration in the treated fortified soils, foremost at the lower treatment temperatures (5.0 ± 0.92% and 0.16 ± 0.016% difference compared with the PFBA concentrations at 150°C and 550°C, respectively) (Table S1 in [S1 Appendix](#pone.0234476.s001){ref-type="supplementary-material"}.

3 Results and discussion {#sec006}
========================

The fraction removed PFASs from the soil generally increased with the treatment temperature, but was dependent on the soil type, soil initial concentration, and PFAS characteristics ([Fig 1](#pone.0234476.g001){ref-type="fig"}). Comparing the fortified clay and loamy sand soils, at 350°C PFCAs and FOSA were removed to \>99%, while the PFSAs showed removal ranging between 51% (PFHxS) and 66% (PFOS). At 450°C, the removal was \>99% for all PFASs in both PFAS-fortified soils. This indicates that the functional group is an important parameter influencing the desorption potential of PFASs. However, the difference between PFSAs and PFCAs cannot be explained by the vapor pressure, since the vapor pressure constants (log P~L~ \[log Pa\]) were similar for the two groups (range 0.83--2.9 for the C~4~-C~8~ PFSA and 0.82--3.1 for the C~3~-C~10~ PFCAs) \[[@pone.0234476.ref046]\]. However, these vapor pressure constants were estimated using the COSMOtherm model for chemical properties and can be biased due to the analysis being limited to non-ionized neutral forms of the PFASs. The PFCAs and PFSAs included in this study generally have an acid dissociation constant (*pK*~*a*~) \<2 \[[@pone.0234476.ref047]\], with the exception of FOSA, which has *pK*~*a*~ = 6.2--6.5 \[[@pone.0234476.ref048]\], meaning that they are predominantly protonated anions at the pHs in the tested soils. On the other hand, previous studies have shown that PFSAs are more strongly sorbed than PFCAs to soil and sediments \[[@pone.0234476.ref049]--[@pone.0234476.ref051]\], which might result in lower desorption potential for PFSAs. However, PFOS and PFOA are reported to show similar desorption behavior in soil \[[@pone.0234476.ref052]\]. In contrast to the two fortified soils, the fraction removed PFASs from the field contaminated soil were lower at all treatment temperatures tested. At 350°C, Σ~9~PFASs removal was 43%, compared with 71% and 87% for the fortified clay and sand soil, respectively. At 450°C, 99% of PFSAs (PFHxS, PFOS) were removed from the field contaminated soil, similarly to the fortified soils. At 550°C, PFPeA was removed to \>97%, but other PFCAs were only removed to 71--93%, from the field contaminated soil. The lower desorption potential of PFASs in the field contaminated soil compared with the fortified soils could be explained by the lower concentration of PFASs or/and stronger sorption of PFASs in the naturally aged soil than in the fortified soils \[[@pone.0234476.ref053]\]. The shorter-chained PFCA (PFBA) even showed negative removal for the field contaminated soil at 150--450°C, which might be explained by the presence of unidentified precursor compounds that degraded into PFBA \[[@pone.0234476.ref054], [@pone.0234476.ref055]\]. This is a particular concern, as the use of shorter-chain PFASs has increased since the ban on C~8~-based PFASs in AFFF \[[@pone.0234476.ref056]\]. Except of PFBA, no degradation products could be observed throughout the experiment, i.e. increase of shorter chain homologues as a product of longer chain PFASs, which has been observed in other PFAS degradation studies \[[@pone.0234476.ref057], [@pone.0234476.ref058]\]. This indicates that the main removal mechanism observed in this study is thermal desorption and not degradation.

![Individual PFAS concentrations after thermal desorption for 75 min at different treatment temperatures of A) naturally PFAS-contaminated soil from Stockholm Arlanda Airport, Sweden, B) fortified clay soil, and C) fortified loamy sand soil.](pone.0234476.g001){#pone.0234476.g001}

When comparing the treatment times at 15, 45 and 75 min the desorption behavior was similar between the three soils (Tables S2-4 in SI). The PFAS concentrations in the soil decreased with increasing treatment time for almost all temperatures (except for 550°C), [Fig 2](#pone.0234476.g002){ref-type="fig"}. This experiment showed that the optimal temperature and treatment time for thermal desorption of PFASs is between 350°C and 450°C, and between 15 and 45 min, which is in agreement with a previous study using 350°C but 10 days treatment time \[[@pone.0234476.ref040]\]. In addition, a treatment time of over 45 min for thermal desorption of PFASs is not necessary to minimize the energy demand of this treatment option.

![Individual PFAS concentrations after thermal desorption for 15, 45 and 75 min at different treatment temperatures of fortified loamy sand soil.](pone.0234476.g002){#pone.0234476.g002}

Ultimately, the results indicate that soils polluted with mixtures of PFASs can be treated with high removal using thermal desorption at temperatures above 450°C. This is a higher temperature than for other organic pollutants such as PCBs and PAHs, which showed high removal at 400°C \[[@pone.0234476.ref043], [@pone.0234476.ref044]\]. The high removal using thermal desorption can be compared to stabilization techniques where the leaching of PFASs to the aqueous phase can be reduced by \>99% \[[@pone.0234476.ref059], [@pone.0234476.ref026]\], but comparably higher than using granulated activated carbon or anion exchange for PFAS removal in drinking water \[[@pone.0234476.ref060]\]. Although soil stabilization techniques have shown high removal from leachate water, their long-term performance is still unknown, while thermal desorption removes PFASs from the soil and thereby reducing the risks of leaching into the aquatic environment. In addition, the treatment of contaminated soil using thermal desorption has the advantage of also treating other co-contaminants often associated with PFAS-contaminated sites, e.g., non-aqueous phase liquid (NAPL), nonfluorinated AFFF surfactants, polyhalogenated compounds (PHCs), volatile organic compounds (VOCs), PCBs, PAHs, and metals \[[@pone.0234476.ref061], [@pone.0234476.ref043], [@pone.0234476.ref062]\], although heavy metals are not known to be affected by thermal desorption \[[@pone.0234476.ref063]\]. Further studies are required to test the thermal treatment methodology at field scale and assess possible degradation compounds, determine removal, and evaluate air-phase vacuum extraction and air filtration. Measurement of PFASs in the air phase is also needed, in order to enable mass balance calculations post-treatment to identify PFAS degradation or formation of PFAS degradation products. As a concluding remark, it should be noted that the treatment temperatures of 450--550°C is not of insignificant magnitude and energy costs will ultimately be a limiting factor for problem owners to consider when comparing thermal desorption with other remediation methods for PFASs in soil or other solid materials.
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Reviewer \#1: General

I would like to commend the authors of this manuscript for addressing the important issue of assessment of viable remediation techniques for PFAS-impacted soil. I view thermal desorption as a treatment technique that merits further investigation, so I think studies of this type are important to the field. Additionally, the manuscript is very clearly written, logically organized, and easy to follow. At points in the manuscript the authors acknowledge that this study is not a complete assessment of the feasibility of thermal desorption as a treatment technique, and I agree. However, the data strike me as being an extremely early and initial step in assessing thermal desorption, and results raise many questions. In some instances, publication of early results of this nature may be of value, but the need for publishing this data at this stage of the study is not immediately evident in the manuscript.

So, my primary comment is that the authors should do more to demonstrate the role this work plays in a more complete assessment of thermal desorption of PFAS and why it is important to publish it now. More details regarding these recommendations as well as additional comments are provided in the line by line summary below.

Title/Abstract

• Lines 20-21 state that removal efficiencies were higher for PFSAs and sulfonamides, but the results section discusses the opposite. For example, lines 124-126 state that removal efficiencies of PFCAs and FOSA were \>99% whereas removal efficiencies for PFHxS and PFOS were 51-66%.

We thank you for the comment, and it is valid. The statement referred to naturally contaminated soil (Line 143-148), and not a general behavior.

Changed to (Line 20-22)

"In the naturally contaminated soil, PFAS classes with functional groups of sulfonates (PFSAs) and sulfonamides (FOSAs) showed higher removal rate than the perfluoroalkyl carboxylates (PFCAs)"

Introduction

• The introduction is generally well-written, but given that the article is quite concise, I think there is room for the authors to add a short paragraph on needs for assessing the feasibility of thermal desorption as a treatment technique for PFAS-impacted soils and then outline how the current work fits into those needs.

In general, there is a big lack of experimental studies on PFAS soil remediation in comparison to PFAS water treatment studies.

We have now extended this section (Line 47-59):

"The extreme challenges of PFAS-contaminated soil remediation has been acknowledged (Ross et al., 2018; Mahinroosta and Senevirathna, 2020) and multiple technologies have been reviewed. Suggested remediation methods for PFAS-contaminated soil are stabilization technologies (Das et al., 2013; Hale et al., 2017; Kupryianchyk et al., 2016; McGregor, 2018; Sörengård et al., 2019), electrodialytical remediation (Sörengård et al., 2019b) and phytoremediation (Gobelius et al., 2017). However, soil stabilization methods do not provide a long-term solution and phytoremediation is a slow and long-term approach (Ross et al., 2018). In a recent review article, Mahinroosta and Senevirathna (2020) showed that there is a lack of laboratory-scale and field-scale studies of soil remediation for PFASs. "

• Lines 57-58 state that this is the first time anyone has evaluated thermal desorption as a remedation method for PFAS; however I know of at least one prior study: Crownover, E., Oberle, D., Kluger, M., & Heron, G. (2019). Perfluoroalkyl and polyfluoroalkyl substances thermal desorption evaluation. Remediation Journal, 29(4), 77-81.

We thank you for informing about this relatively new research study. This changes the novelty of this study (this study was executed in 2017, but we have been delayed in the publishing track), but we have reformulated the aims:

We have now extended this section (Line 78-81):

"The aim of this study was therefore to further evaluate, whether thermal desorption is a viable remediation method for removal of PFASs in contaminated soil and to identify critical variables such as optimal temperature, soil texture, treatment times and fortified vs. natural aged contaminated soil"

• Lines 60-62 state that an objective of this study is to identify the temperatures required for thermal desorption of PFASs from soil; however, I am not sure that the design of the current study can achieve this objective. The authors have only confirmed a reduction of the concentrations of select PFAS in soil but have not confirmed their transfer to the vapor phase or monitored potential degradation products.

Thank you for this comment. It is a valid point that we have not analyzed the air phase. This was because there are no (to our knowledge) established analytical method for high temperature air PFAS sampling, and this was outside the scope of this study. We have changed the wording in the aims (integrated in comment above). However, except for PFBA, no formation of shorter chain PFASs has been observed in this study, which suggest that thermal desorption and not degradation is occurring. Degradation of PFASs has been described at temperatures \>900 °C (in this study a maximum of 550 °C was used).

Following section has been added (Line 179-183):

"Except of PFBA, no degradation products could be observed throughout the experiment, i.e. increase of shorter chain homologues as a product of longer chain PFASs, which has been observed in other PFAS degradation studies (Y. Liu et al., 2015; Franke et al., 2019). This indicates that the main removal mechanism observed in this study is thermal desorption and not degradation."

Methods

• Lines 90-93 discuss two types of control experiments; however, results from the positive controls are not presented.

The results of the control experiment are included in Table S1 in Supporting Information (SI)

• Lines 88-90 describe use of 20- and 60-min treatment times in studies of thermal desorption of other classes of compounds; however do these or other studies use similar temperatures?

"at 500°C " is now specified

While I have seen other studies of in situ thermal desorption the elevated temperatures implemented in this study, it seems that use of lower temperatures are more the norm. This makes sense from a feasibility and cost standpoint. Thus, I think some comment on use of temperatures of this magnitude in prior lab studies and the feasibility of actually using this in the field is warranted. Particularly as the authors conclude that there is promise in the technique they are testing.

Feasibility and cost standpoint has been discussed by the authors. Accordingly, 500-550°C is a technical limit due to the high-energy costs. Eventually, a cost-benefit analysis has to be performed by the problem owners and regulators comparing thermal desorption with other treatment options.

Following section has been added (Line 220-224):

"As a concluding remark, it should be noted that the treatment temperatures of 450-550°C is not of insignificant magnitude and energy costs will ultimately be a limiting factor for problem owners to consider when comparing thermal desorption with other remediation methods for PFASs in soil or other solid materials."

• Line 116-117 describe representative standard deviations, but do not indicate how these were determined. For example, was each sample analyzed using triplicate analysis?

Thank you, triplicates was used and was denoted (n = 3), but has now been clarified in the text:

"The average relative standard deviation (all samples were performed in experimental triplicates (n = 3)) for the individual PFASs was 15 ± 8 % and 11 ± 4.5 % in the naturally contaminated soil and fortified soils, respectively."

• Along those lines, the methods section does not discuss use of experimental replicates.

Thank you, triplicates was used and has now been clarified:

Each soil was treated in experimental triplicates at 150°C , 250°C , 350°C , 450°C, or 550°C (n = 3 in each case) for 75 min using a high-temperature furnace (ThermoLyneTM 62700 Furnace, 19 cm x 22 cm x 33 cm).

Results and Discussion

• Line 153 states that the study results demonstrate that PFAS mixtures can be efficiently treated with thermal desorption. What defines efficient treatment?

Thank you for a valid comment, efficiency is referring to more than removal efficiency. Therefore

"with a high removal rate" has been added"

And "efficient" has been replaced with "high removal rates"

For example, are there regulatory criteria that final concentrations can be compared to?

There are drinking water guidelines but very few guideline values for PFASs in soil. This has been now address in the introduction:

Following section has been added (Line 201-209):

"The high removal rates using thermal desorption can be compared to stabilization techniques, where the leaching of PFASs to the aqueous phase can be reduced by \>99% (Kupryianchyk et al., 2016b; Sörengård et al., 2019a), but comparably higher than using granulated activated carbon or anion exchange filters for PFAS removal in drinking water (McCleaf et al., 2017). Although soil stabilization techniques have shown high removal rates, their long-term performance is still unknown, while thermal desorption removes PFASs from the soil and thereby reducing the risks of leaching into the aquatic environment"

Is efficient an indicator of cost? Without a clearer indication of the criteria that the authors are using to define efficient, it is unclear if the study results support this conclusion.

"Removal efficiency" has been replaced with "removal rate"

And "efficient" has been replaced with "high removal rates"

• Lines 156-161 is not clear to me. By saying that thermal desorption has the advantage of "avoiding simultaneous treatment" of co-contaminants, it sounds like the authors are saying that co-contaminants would not be impacted by this treatment technique. Do the authors mean to say that it avoids the need for a separate treatment approach to address co-contaminants? In other words, that this technique would be capable of addressing PFAS+co-contaminant mixtures with a single approach? Because some of the contaminants listed (i.e. VOCs) are treated with thermal desorption techniques.

Changed to (for clarification)(Line 209-215):

"In addition, the treatment of contaminated soil using thermal desorption has the advantage of also treating other co-contaminants often associated with PFAS-contaminated sites, e.g., non-aqueous phase liquid (NAPL), non fluorinated AFFF surfactants, polyhalogenated compounds (PHCs), volatile organic compounds (VOCs), PCBs, PAHs, and metals (Guelfo and Higgins, 2013; Qi et al., 2014; Yao et al., 2015), although heavy metals are not known to be affected by thermal desorption (Guemiza et al., 2017)"

• Line 161 cites Guemiza et al. 2017, but I cannot find this reference in the references cited section.

Changed

References

• Please see my comment regarding lines 57-58 which includes a reference that may be useful to cite in this work.

Changed

• I could not locate the reference Gitipour et al. 2015. I suggest adding a DOI number as done for previous references. If not available, a web address would be useful.

Removed

Figures and Tables:

• I recommend adding data for the positive control to Figure 1.

Now available in Table S1 in Supporting Snformation (SI)

• I also recommend adding a table of numerical results. For researchers who would like to compare results of this study, include them as part of a review, etc. estimating concentrations from the graphical data would be imprecise. Additionally, a table would provide an opportunity to include the standard deviations of each analysis. Lastly, data for controls should be made available.

Now available in Tables S2-4 in Supporting Information (SI)

Reviewer \#2: In this manuscript (PONE-D-19-33947), the authors present findings of a small scale study to determine if thermal desorption has efficacy as a technique to remediate soils containing per- and polyfluoroalkyl substances (PFAS).

Comments, questions, and suggestions.

1\. Abstract, general. Can the authors really write that thermal desorption "removed" PFAS from soil? Aren't the PFAS being degraded (as is the phraseology in parts of the manuscript) rather than being removed? The authors may want to clarify/consider changing the use of this word.

We have changed the wording in the aim (integrated in comment above). However, except for PFBA, no formation of shorter chain PFASs has been observed in this study, which suggest that thermal desorption and not degradation is occurring. Degradation of PFASs has been described at temperatures \>900 °C (in this study a maximum of 550 °C was used).

No changes was made and we refer to following section (Line 62-66)

"Fluorotelomer-based acrylic polymer waste and PFAS-contaminated sewage sludge have been reported to degrade PFASs successfully at 725°C (Loganathan et al., 2007; Vecitis et al., 2009; Wang et al., 2013; Yamada et al., 2005), although others have found that complete degradation of PFASs requires temperatures of 900-1100°C (Yamada et al., 2005; Wang et al., 2015a; Watanabe et al., 2016)."

2\. Abstract, lines 10-11. Is it just PFAS-contaminated soils that are impacting drinking water delivery systems and surface water bodies or are contaminated soils just one source of water contamination? The authors may want to clarify this statement.

The first sentence in the abstract has been modified to "Soils contaminated with per- and polyfluoroalkyl substances (PFASs) are an important source for impacting drinking water delivery systems..."

No further changes was made and we refer to following section (Line 32-67) with no changes:

"A common point source is the unregulated usage of PFAS-containing aqueous film-forming foams (AFFFs) at firefighter training facilities (Anderson et al., 2016; Barzen-Hanson et al., 2017; Mejia-Avendaño et al., 2017). Although the use of PFAS-containing AFFFs is now restricted, the PFASs still present in contaminated soil are unsolicitedly leaching to the environment (Ahrens et al., 2015; Baduel et al., 2015; Filipovic et al., 2015) and potentially polluting drinking water sources, e.g., in Japan (Murakami et al., 2009), Germany (Gellrich et al., 2013), and Sweden (Li et al., 2018)."

3\. Introduction. Line 34. Are PFAS in AFFF restricted globally or in specific regions/countries? Some countries still allow PFAS in AFFF. The authors are asked to clarify this statement.

Additional references of the global PFAS regulation in drinking water and soil has been added: (Gobelius et al., 2018; Heads of EPAs Australia and New Zealand (HEPA), 2018)

4\. Materials and Methods, section 2.1. Could the authors please provide a rationale for the choice of the selection of PFAS?

Now specified in the aims (Line 83):

"determine the removal rates for 9 commonly found and regulated PFASs"

In addition, only a limited number of isotopically labeled PFAS are available as internal standards and we used perfectly matching standards for high quality quantification, see QA/QC. This generated low triplicate standard deviation and good relative recoveries.

5\. Materials and Methods, general. The authors have appeared to have left out information on positive and negative control experiments as well as experimental replicates (were there any and if so, how many?). Please add this information to the Materials and Methods.

In formation on positive and negative control experiments as well as experimental replicates are now included in the Materials and Methods section:

Changed to (for clarification)(Line 110-112):

"Each soil was treated in experimental triplicates at 150°C , 250°C , 350°C , 450°C, or 550°C (n = 3 in each case) for 15, 45 and 75 min, respectively, using a high-temperature furnace (ThermoLyneTM 62700 Furnace, 19 cm x 22 cm x 33 cm)."

and (Line 141-143):

"The average relative standard deviation (all samples were performed in experimental triplicates (n = 3)) for the individual PFASs was 15 ± 8 % and 11 ± 4.5 % in the naturally contaminated soil and fortified soils, respectively."

6\. Materials and Methods, general. Did the authors perform any statistical analysis within soil types and among temperatures or among soil types within temperatures to determine if values differed statistically? If not, it is recommended that the authors provide those details.

Triplicates were used for all samples and standard all deviations is now available in SI.

7\. Results and Discussion, general. Do any countries have regulatory standards or advisories for levels of PFAS in soils? If so, would the technique described in the manuscript reduce PFAS in soils to such regulatory standards or advisories? If there are not standards or advisories, what criteria do the authors use for efficiency? In other words, how do the authors know that thermal desorption is efficient? By what standard(s) are the authors comparing their results to?

Adressed: see comments above reviewer \#1

8\. Results and Discussion, lines 153-161. This sentence is unclear. If PCBs and PAHs have high removal "efficiencies" (again, clarification of "efficiency" is warranted) at 400-C, then why wouldn't they be treated at a higher temperature? Wouldn't an ideal treatment for contaminated soils treat multiple contaminants? This section seems counter-intuitive.

This section has been revised.

Figure 2 has been added:

Figure 2. Individual PFAS concentrations after thermal desorption for 15, 45 and 75 min at different treatment temperatures of fortified loamy sand soil.

And the following text has been added:

"When comparing the treatment times at 15, 45 and 75 min, the desorption behavior was similar between the three soils (Tables S2-4 in SI). The PFAS concentrations in the soil decreased with increasing treatment time for almost all temperatures (except for 550 °C) (Figure 2). This experiment showed that the optimal temperature and treatment time for thermal desorption of PFASs is between 350°C and 450°C, and between 15 and 45 min, which is in agreement with a previous study using 350°C but 10 days treatment time (Crownover et al., 2019). In addition, a treatment time of over 45 min for thermal desorption of PFASs is not necessary to minimize the energy demand of this treatment option."

Additionally, Tables S1-4 have been included in the Supporting Information.
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Reviewer \#1: (No Response)

Reviewer \#2: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Partly

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: General

I would like to extend my thanks to the authors for their sincere effort to address the comments provided regarding the original version of the manuscript. I can see that the comments were well-received and that there was an attempt to address each one thoroughly. The result is an overall improvement; however, there are instances where I am not sure the intent of my comment was fully understood and/or where the resulting edits are somewhat confusing. To hopefully help address this I have tried to clarify some of these points in the line by line comments below.

Title/Abstract

• Line 19: Here and throughout the document, I recognize that the authors changed use of the word efficiency to rate in response to a prior comment, but I do not agree with use of the word rate. To me, removal rate implies a parameter with units that include time, and in this work it is being used to refer to the fraction of PFAS desorbed. I suggest changing to "fraction removed" or similar.

• Line 20: The authors refer to "naturally contaminated soil." Here and throughout the paper, I suggest that they modify this to field contaminated or similar. Naturally applies that the source of the impact is not anthropogenic in origin, and all PFAS are man-made.

Introduction

• Lines 37-40: "The sentence beginning Thus, there is an urgent need to remediate....," needs to be reworded. I am not certain if I understand the intent of the sentence, but I think it could be fixed by rewording it to say, "...PFAS-contaminated hotspot areas despite the fact that few soil guideline values..."

• Line 42: I recommend changing "problem owners" here and throughout the manuscript to "responsible parties."

Results and Discussion

• Lines 141-142 state that removal rate generally increases with increasing temperature. In the PFAS fortified clay soil, the PFAS concentration at 150 has increased relative to the reference concentrations. Given that this soil was laboratory fortified, I assume that unknown precursors were not present in this sample that could lead to this increase. Were there background concentrations in the clay that were not originally accounted for?

• Lines 163-165: What about the potential effects of organic carbon?

• Line 170: I believe the authors mean to say "With the exception of PFBA..."

• Lines 172-173: "This indicates that the main removal mechanism observed in this study is thermal desorption and not degradation." The lack of increase in shorter chain homologues is not sufficient evidence to support desorption over degradation. For example, what if the process generated short-chain PFAS smaller than those monitored in this project?

• Lines 177-178 state that the optimal treatment temperature is 350-450oC; however line 182 says that PFAS-impacted soils can be treated using "thermal desorption at temperatures above 450oC. This is contradictory.

• Lines181-182: In the previous version of the manuscript, I asked that the authors define their criteria for efficient treatment. This had the unintended consequence of leading the authors to change all uses of "efficient" in the manuscript. As mentioned above, I do not think the use of the word rate herein is the best way to express what the authors actually evaluated which is the fraction removed and not, for example, first order rate coefficients. In this specific sentence the authors now say soils can be treated with "high removal," which doesn't address the issue. What are their criteria defining high? I recommend the authors stick to the facts of their data. For example, they might say that this treatment technique is capable of removing up to x% of PFAS in soils.

Reviewer \#2: (No Response)

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Response to reviewers

Reviewer \#1: General

I would like to extend my thanks to the authors for their sincere effort to address the comments provided regarding the original version of the manuscript. I can see that the comments were well-received and that there was an attempt to address each one thoroughly. The result is an overall improvement; however, there are instances where I am not sure the intent of my comment was fully understood and/or where the resulting edits are somewhat confusing. To hopefully help address this I have tried to clarify some of these points in the line by line comments below.

We thank the reviewers for the thorough comments to improve the manuscript

Title/Abstract

• Line 19: Here and throughout the document, I recognize that the authors changed use of the word efficiency to rate in response to a prior comment, but I do not agree with use of the word rate. To me, removal rate implies a parameter with units that include time, and in this work it is being used to refer to the fraction of PFAS desorbed. I suggest changing to "fraction removed" or similar.

Adressed

• Line 20: The authors refer to "naturally contaminated soil." Here and throughout the paper, I suggest that they modify this to field contaminated or similar. Naturally applies that the source of the impact is not anthropogenic in origin, and all PFAS are man-made.

Adressed

Introduction

• Lines 37-40: "The sentence beginning Thus, there is an urgent need to remediate....," needs to be reworded. I am not certain if I understand the intent of the sentence, but I think it could be fixed by rewording it to say, "...PFAS-contaminated hotspot areas despite the fact that few soil guideline values..."

Adressed

• Line 42: I recommend changing "problem owners" here and throughout the manuscript to "responsible parties."

Adressed

Results and Discussion

• Lines 141-142 state that removal rate generally increases with increasing temperature. In the PFAS fortified clay soil, the PFAS concentration at 150 has increased relative to the reference concentrations. Given that this soil was laboratory fortified, I assume that unknown precursors were not present in this sample that could lead to this increase. Were there background concentrations in the clay that were not originally accounted for?

The background concentration was accounted for, and would have been shown in the untreated reference soil. The difference is within the measurement errors of the individual PFASs.

• Lines 163-165: What about the potential effects of organic carbon?

It is well known that PFAS partition to a higher extent to soil organic carbon, and the variable could have significant effect on the thermal desorption process. However, this effect was not isolated in this experiment and from the three different soils the effect could not be elucidated, and hence outside the scope of this study.

• Line 170: I believe the authors mean to say "With the exception of PFBA..."

Adressed

• Lines 172-173: "This indicates that the main removal mechanism observed in this study is thermal desorption and not degradation." The lack of increase in shorter chain homologues is not sufficient evidence to support desorption over degradation. For example, what if the process generated short-chain PFAS smaller than those monitored in this project?

From the previous studies by our research group 1, and other groups 2, degradation occurs by stepwise defluorination and increase of some of shorter chained PFASs included in the study is normally observed (i.e. PFBA and PFPeA) degradation products from longer chained PFASs. We can not say for sure that no ultra-short chained PFASs have been formed, but there was no increase in i.e. PFBA or PFPeA or other PFASs and hence no indications of PFAS degradation. Hence, we opt to keep the sentence as it is.

• Lines 177-178 state that the optimal treatment temperature is 350-450oC; however line 182 says that PFAS-impacted soils can be treated using "thermal desorption at temperatures above 450oC. This is contradictory.

Adressed

• Lines181-182: In the previous version of the manuscript, I asked that the authors define their criteria for efficient treatment. This had the unintended consequence of leading the authors to change all uses of "efficient" in the manuscript. As mentioned above, I do not think the use of the word rate herein is the best way to express what the authors actually evaluated which is the fraction removed and not, for example, first order rate coefficients. In this specific sentence the authors now say soils can be treated with "high removal," which doesn't address the issue. What are their criteria defining high? I recommend the authors stick to the facts of their data. For example, they might say that this treatment technique is capable of removing up to x% of PFAS in soils.

The authors agree with the reviewer that "removal rates" and "removal efficiency" can be misleading concepts, and have subsequently replaced the term with either "removal" or "fraction removed".

However, in comparison to multiple other studies and the long experience of the authors of working with PFAS remediation in both water and soil matrices, the authors consider removal rates of \>99% to be relatively high removal compared to other techniques. This is an important finding of the study, and hence the authors keep the "high removal" expression, while also throughout the manuscript the absolute removal is clearly expressed in %.

1\. Franke, V., Schäfers, M. D., Lindberg, J. J. & Ahrens, L. Removal of per- And polyfluoroalkyl substances (PFASs) from tap water using heterogeneously catalyzed ozonation. Environ. Sci. Water Res. Technol. 5, 1887--1896 (2019).

2\. Liu, Y. et al. Efficient Mineralization of Perfluorooctanoate by Electro-Fenton with H2O2 Electro-generated on Hierarchically Porous Carbon. Environ. Sci. Technol. 49, 13528--13533 (2015).
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